INTRODUCTION
Organoboronic acids are an important group of compounds that has risen to its highest impact since their use in organic synthesis and medicinal chemistry. 1 However, great interest has been also recently reserved for applications in supramolecular chemistry, 2 sensing 3 and organic catalysis 4 by taking advantage of the peculiar dynamic covalent reactivity 5 of ArB(OH) 2 and its dehydrated derivatives, to engineer a large variety of architectures resulting from boronate esterification, 6 boroxine 7 and spiroborate formation, 8 to name a few.
However, the ability to form H-bonded complexes and their exploitation in molecular recognition has been relatively unexplored. 2 H-bonded architectures are often obtained exploiting the self-association of organoboronic acids that form polymeric 2D and 3D H-bonded architectures at the solid state, 9 with phenylboronic acid being one of the first examples reported. 9, 10 In these systems, homodimers are formed and then organized as tapes, in which the ArB(OH) 2 functionalities adopt a syn-anti conformation (Figure 1a ) triggering the formation of frontal DA•AD complexes, which are held together by lateral intermolecular H-bonds.
10 Diamondoid-like 3D architectures could also be obtained when a tetratopic building block, tetrahedrally exposing four arylboronic acids, is used.
11 When a 2-methoxy substituted ArB(OH) 2 is employed, the boronic acid moiety is locked into the syn-anti conformation through an intramolecular H-bond involving one hydroxyl group and the oxygen heteroatom situated in the ortho position.
12 At the solid state, this restricts the formation of the architectures only to dimers. A similar behavior is observed for ortho-substituted ArB(OH) 2 bearing an imino, aminomethyl or azo groups. 13 Weak intramolecular H-bonds are also observed in the presence of fluorine atoms.
14 On the other hand, when a 2,6-dimethoxy substituted ArB(OH) 2 is used, the hydroxyl groups adopt an anti-anti conformation (Figure 1c ), disfavoring the formation of intermolecular H-bonds, thus leading to monomeric species at the solid state. 15 Anti-anti 2 conformation can be also observed at the solid state in co-crystals containing either urea derivatives 16a or carboxy groups 16b . Finally, syn-syn ArB(OH) 2 are seldom observed in DD•AA type complexes, the latters being essentially restricted to co-crystals containing carboxylates, 17a-c bis-pyridine, 17d-g or 1,10-phenanthroline 17h (Figure 1b) . In a very recent work it as been postulated that the syn-syn conformer of a variety of ArB(OH) 2 is the active catalytic specie in the fixation of CO 2 with epoxides to give the corresponding cyclic carbonates with excellent yields.
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Figure 1. Structural representation of the (a) syn-anti, (b) syn-syn and (c) anti-anti conformation of the boronic acid RB(OH) 2 functionality, adopted when acting as a DA, DD and AA system respectively in DA•AD, DD•AA and AA•DD complexes. D and A are the H-bonding functional group donors and acceptors, respectively. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Although the evidence for the formation of H-bonded boronic acids is substantial and its relevance at the solid state has been essentially limited to the self-associated architectures, data regarding the thermodynamics of the interactions with complementary recognition motifs in solution are essentially unknown. With the desire to explore the potentials of boronic acids as self-adapting H-bonding recognition molecular modules, the aim of this paper focuses on the study of the association capabilities of ArB(OH) 2 to form DD•AA type heterocomplexes, in which the H-bonding donor hydroxyl groups adopt a syn-syn conformation. This can be considered as a dynamic mimic of bicyclic guanidinium binding modules. 19 Considering Jorgensen's model 20 on multiple H-bonding systems, the proposed DD•AA heteromolecular complexes should display enhanced stability as a consequence of the favorable secondary interactions. In identifying suitable complementary AA acceptors, we were drawn to 1,8-naphthyridine (NAP) that, with its N … N distance of 2.403 Å, structurally matches the conformational properties of syn-syn boronic acid (Scheme 1). In addition, its easy synthetic accessibility and the prospect to prepare an acceptor partner featuring multiple AA moieties (AA-AA), such as 5, 6, 11, , 21a provides opportunities to further investigate discrete and polymeric architectures 22 with suitably tailored boronic acid (Scheme 1), and thus the construction of supramolecular H-bonded architectures. Hence, we started with the examination of dimeric 1:1 (DD•AA) complexes involving syn-syn boronic acids and NAP (Scheme 1a). In particular, the successful detection and quantification of the complexation in solution and at the solid state was first complemented by computational predictions, and then experimentally proven. Reference studies with 1,10-phenanthroline (Phen) have been also described, showing a similar DD•AA complexation behavior, also in agreement with the literature report 17h describing heteromolecular dimeric complexes with 4-bromo-, 4-hydroxyland 3-methoxyphenylboronic acid. Furthermore, a series of crystal structures of trimeric 2:1 and 1:2 complexes (i.e., DD•AA-AA•DD and AA•DD-DD•AA, respectively) were also obtained and examined (Scheme 1b), showing the versatility of the recognition motif to build defined supramolecules. Finally, the procedure leading to the formation of crystals of the first supramolecular H-bonded polymeric network, (AA-AA•DD-DD) n , respectively involving a diboronic acid and a suitable ditopic acceptor is discussed (Scheme 1c). Scheme 1. Schematic representation of the possible non-covalent complexes formed between mono-or ditopic boronic acids with H-bonding acceptors NAP or TANP. Discrete (a) 1:1, (b) 2:1 and 1:2 complexes and a (c) supramolecular polymer. All boronic acids have been purchased beside molecule 7 that was prepared following literature protocol.
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RESULTS AND DISCUSSION
Computational modeling of the conformational properties of phenyl boronic acid and its aptitude to form DD-AA complexes. In the literature, the relative energies of the three conformations a boronic acid moiety can adopt have been calculated, revealing a minor energy difference between them (< 1 kcal mol -1 ). The first report based its theoretical calculations on the substrate where the substituent is a hydrogen atom 23 and this was later 4 followed by the phenyl boronic acid analogue. 17h In both cases, the syn-anti conformation is the most favourable, since the repulsion of the two positively charged hydrogen atoms is minimized. This is in accordance with the large number of crystal structures where the boronic acid moiety is self-interacting in a syn-anti fashion. [10] [11] [12] [13] [14] [15] In line with the abovementioned literature reports, through Density Functional Theory (DFT) calculations performed at the B3LYP/6-311G**level of theory, we also found that the syn-anti geometry is the most favourable conformation with respect to the syn-syn (-2.20 kcal mol -1 ) and anti-anti (and -2.82 kcal mol -1 ) arrangements for the phenyl boronic acid (Figure 2 upper panel) . The low-ranked anti-anti conformation is also accompanied by a loss of planarity essentially caused by the steric hindrance occurring between the hydrogen atom of the hydroxyl groups and the ortho-H atoms of the phenyl ring (Figure 2) . In order to gain information about the association capabilities with NAP with respect to the dimerization equilibrium between the single boronic acids, a comparative DFT theoretical analysis in vacuum was carried out. In particular, the theoretical estimation of the complexation enthalpy between the phenyl boronic acid and NAP was performed, considering the three conformational equilibria as well as the phenyl boronic acid homodimerization equilibrium as references. As shown in bottom panel of Figure 2 , the homodimerization (ΔH = -15.31 kcal mol -1 ) of phenylboronic acid is not negligible if compared to the small energy difference between the three conformations. Nevertheless, the formation of the heterodimer is energetically favored (ΔH = -20.41 kcal mol -1 ) with respect to the DA•AD homodimer, supporting the idea for which the NAP scaffold is a suitable pre-organized H-bonding AA partner for forming DD•AA complexes with enhanced thermodynamic stabilities. , syn-syn, anti-anti, syn-anti) and of the homo-and hetero-complexes (B3LYP/6-311G**, Gaussian 09). Red = oxygen, blue = nitrogen, pink = boron, white = hydrogen and black = carbon.
Determination of the heteromolecular association constant in solution (K a ) by NMR and ITC investigations. Due to the fast hydrogen atom exchange that usually occurs in solution with acidic protons, the proton resonances of a boronic acid are usually not observed in most of the cases where CDCl 3 is used as solvent. Instead, when 5 Tol-d 8 is used, a sharp peak fingerprinting the acidic ArB(OH) 2 protons appears between 3.5 and 4 ppm ( Figure  3a) . Prior to discuss of the heteromolecular binding results, a careful examination of the chosen experimental conditions revealed necessary, as aryl boronic acids can be involved in other equilibriums, beside that of the AA•DD complex (Scheme 2). In particular, boronic acids are known to be in equilibrium with their cyclic anhydride form, namely the boroxine (K borox ). 24 The equilibrium in solution between the acid and the anhydride forms, mainly depends on the temperature and on the position of the aryl substituents, with the derivatives bearing ortho substituents being kinetically more stable, exclusively existing as acids in solution at room temperature compared to the para analogues, which are often found as mixtures. 1,24b To avoid the presence of the boroxine form, only ortho-substituted ArB(OH) 2 derivatives were thus used to estimate the homoassociation constants in solution (as one can see, the presence of the boroxine form can be easily diagnosed with 1 H-NMR picking the fingerprinting Ar-H resonances, Figure 3b) . Next, the homodimerization constants (K d ) for the relevant boronic acids were also measured. Dilution experiments revealed K d values lower than 10 M -1 in Tol-d 8 (see the dilution 1 H-NMR experiments in the SI), suggesting that the homodimerization equilibrium has a negligible effect on the heteroassociation with either NAP or Phen. This is in line with the literature reports describing other weakly H-bonded AD-DA type homodimers. 25 Finally, the effect of water was studied, as the formation of the hydroxyboronate ions (K i ) could affect the determination of the heteromolecular association due to the structural change of the functional group, namely from a trigonal planar and tetrahedral structure. 26 27a we cannot entirely exclude the presence of tetrahedral hydroxyboronate ions. Lowtemperature 1 H-NMR experiments were also performed to investigate the existence of any H-bonding interactions between the boronic acid OH protons and the water molecules. Again, no direct evidences about any H-bonding interactions between these two molecules were observed (see SI). Hence, to ensure the same experimental conditions for the binding studies with the relevant boronic acids and acceptors, the ratio between the boronic acid and the H 2 O content was kept constant in all solutions. Given these experimental premises, the H-bonding DD-type self-adaptability of aryl boronic acids toward the association with suitable AA acceptors (NAP or Phen) was systematically studied by considering different derivatives (listed in Table 1 ) for the first time through 1 H-NMR titration experiments. Titration experiments ( Figure  4a and SI) showed a fast association equilibrium involving a progressive downfield shift of the diagnostic boronic acid OH resonances for all the derivatives (Table 1, 1-5) upon incremental addition of NAP (for instance, the δ H of the OH shifts from 3.77 to 9 ppm for the 1•NAP complex, Figure 4a ). Through a free-concentration nonlinear least-squares curve-fitting 27 , for which the initial concentration of the boronic acid is also considered as a variable (C 0 '), the association constants (Table 1 and Figure 4b ) were found to be 369 ± 16, 997 ± 62, 1465 ± 66, 903 ± 41 and 6900 ± 760 M -1 for complexes 1•NAP, 2•NAP, 3•NAP, 4•NAP and 5•NAP, respectively, all displaying a 1:1 stoichiometry (as evidenced by the Job plot analysis, see that of 1•NAP in Figure 4c ). If compared to other AA•DD complexes, the association values are in line with those reported in the literature.
21c,29 As one can notice, the fitted C 0 ' is always lower than that supposed experimentally, namely C 0 = 0.01 M. Likely, this is ascribed to the presence of the hydroxyboronate formation equilibrium (see discussion above), which significantly reduces the real concentration of the boronic acids in solution. Although 2,6-bis(trifluoromethyl)phenylboronic acids did not form any boroxine in toluene and only a 15% was observed for solutions containing 3,4,5-trifluorophenylboronic (estimated by 1 H-NMR through the aromatic proton resonance at 7.40 ppm), attempts to measure the association constants between these phenylboronic acids and NAP by NMR proved to be fruitless, as the peak fingerprinting the OH resonances becomes extremely broad during the titration experiments or overlaps with the solvent shift respectively, thus preventing an accurate estimation of the chemical shift values (see SI). Model titration experiments were also performed in other solvents (CD 2 Cl 2 and CD 3 CN) with boronic acid 3 and NAP the donor and acceptor molecules, respectively, to study the effect of the solvent polarity on the 1:1 association strength. As expected, solvents with increasing dielectric constants cause a progressive decreasing of the strength of the H-bonding interaction, 30 with the association constants K a (solvent) being the following: 1465 ± 66 in toluene (ε = 2.38), 1234 ± 54 in CD 2 Cl 2 (ε = 8.93) and 10.94 ± 0.48 in CD 3 CN (ε = 37.5). Similar results were also obtained by complementary isothermal titration calorimetry (ITC) titrations, even if the values are approximately and systematically 20% lower than those measured by NMR. It is worth mentioning that, except for the 13NAP and 5NAP complexes, the affinity constants are in the lower range of values accessible by ITC and those could only be measured thanks to the high solubility of both the host and guest molecules in toluene. The trend observed in the K a values is the same for both methods, i.e. an increased affinity for the boronic acid derivatives bearing electron-withdrawing groups. As expected, the increased affinity is predominantly of enthalpic origin, as confirmed by the ΔH° values reported in Table 1 . Specifically, complex 1NAP displays the less favorable interaction enthalpy and affinity constant, whereas the most favorable values are obtained for complex 13NAP, which is the only complex not bearing ortho-substituents and the only one showing a 'flat' geometry. Reference titration experiments (see SI) with 2-methoxyphenylboronic acid 14, in which the boronic 7 acid OH protons are preferentially locked in the syn-anti through an intramolecular H-bonding interaction established with the methoxy group, did not show any significant downfield shift of the OH resonances. This suggests that no complex is formed when the characteristic conformational dynamicity of the boronic acid recognition group is lost. Being able to determine the K a of 1:1 molar ratio complexes, we also attempted to study in solution the formation of the trimeric complexes (Scheme 1b). Unfortunately, the scarce solubility of the ditopic molecular modules (i.e., 1,4-diphenyleneboronic acid 17, 2,5-thiophenediboronic acid 18 and 5, 6, 11, TANP) 8 in toluene hampered an accurate determination of the thermodynamic properties of the involved equilibriums. However, when CD 2 Cl 2 is used, we could estimate the association strength of a boronic acid with TANP due to its solubility in chlorinated solvents. In particular, using boronic acid 3 as suitable DD molecular partner, a 1:2 association equilibrium could be probed with TANP acceptor. Two weak association constants were measured, K a1 (126 ± 2) and K a2 (29 ± 1), for the formation of the 1:1 (i.e., 3•TANP) and 1:2 (i.e., 3•TANP•3) complexes, respectively. The weak association strengths are not surprising given the low basicity of this kind of aromatic heterocycles. To our surprise, when the AA partner was changed to Phen a significant enhancement of the association constants for complexes 1•Phen and 3•Phen were observed (769 ± 35 and 4953 ± 54 M -1 , respectively) if compared to the NAP (369 ± 12 and 1465 ± 66 M -1 , respectively). A careful analysis of the computed electronic surface potential (ESP, see SI), suggests that the stronger association can be reasonably attributed to stronger favorable secondary electrostatic N … H interactions, the latters strengthened by the closer interatomic N … H distances given by the peculiar arrangement of the N atoms in the phenanthroline scaffold. Table 1 . Association constants (K a ) values determined by NMR and ITC for the relevant substituted aryl boronic acids to NAP and Phen in toluene-d 8 (295 K). Values obtained by NMR were calculated through a free-concentration fitting approach of a 1:1 binding isotherm, where the initial concentration of the boronic acid is also considered as a variable and it is calculated consequently (C 0 '). Uncertainty in K a was estimated from two/three independent runs. Thermodynamic parameters derived from ITC experiments represent the mean value of the values obtained by fitting of a 1:n binding isotherm to three independent experiments and the reported errors represent the 95% confidence interval. 
5•NAP
6900 ± 760 8.7 4600 ± 500 -10.5 ± 0.5 6.7 ± 0.5 0.9 ± 0.1
13•NAP
--18000 ± 2500 -11.7 ± 0.3 7.4 ± 0.5 1 ± 0.01
Computational modeling of the structural and association energies of the DD•AA complexes. To shed further light on the electronic and conformational properties ruling the formation and the stability of the different heteromolecular complexes, DFT geometry optimization and frequency calculations were carried out in vacuum, at the B3LYP/6-311G** level using the Gaussian 09 (see SI-1). Starting from the reference phenylboronic acid (Table 2 , acid 6), it was confirmed that the syn-anti conformation results to be the most favored, with the syn-syn at 2.2 kcal mol -1 higher in energy adopting an 'in-plane' conformation with the phenyl ring, in contrast to the antianti conformation which is highest in energy and 'out-of-plane'. A similar trend where the syn-anti > syn-syn > anti-anti ranking is noted in the cases of para substituted derivatives, bearing electron-withdrawing groups (EWGs, Table 2, acid 7, 8 and 13). On the other hand the stability ranking changes exerting the anti-anti as the second favored conformation after the syn-anti in derivatives 9, 3 and 1. Among these, derivatives 3 and 1 found a better accommodation in an 'out-of-plane' rotamer due to the steric hindrance of the substituents in both ortho positions. A small energy barrier of about 1.5 kcal mol -1 exists between the anti-anti and the syn-anti conformations, while more considerable energy barriers have to be overcome to reach the syn-syn arrangement. Moving to the ortho-substituted derivatives 2 and 15, it has been observed that the presence of other electron EWGs than chlorine, such as fluorine, lead to weak intramolecular H-bonds, with a OH … F distance of 1.95 Å, the latter stabilizing the anti-anti conformation as the most favored, although with a very low difference in energy (0.38 kcal mol -1 more stable than the syn-anti). On the contrary, a considerable difference in energy is detected when the syn conformation has to be adopted (-5.84 kcal mol -1 ) . Most importantly, the enthalpy of dimerization was computed of all these derivatives in couple with NAP. In comparison with reference phenylboronic acid ( Table 1, acid 6) , all derivatives showing the syn-syn conformation as the second most favored exert a consistent ΔH of interaction that ranges from about -20 to -22 kcal mol -1 . Interestingly, the poor stability of the syn-syn conformation observed in derivatives 9, 3 and 1 does not affect their ability to form a stable complex together with the NAP counterpart, which instead exerts comparable affinity values to those of phenylboronic acid. Hence, despite the relative stability of the three conformations the phenylboronic acid derivatives can adopt, the formation of the heterocomplexes is never compromised, beside molecule 15 where the only the anti-anti conformation is present due to intramolecular H-bonds established with the ortho-methoxy substituents. To appraise the H-bond donating character, we used the electrostatic surface potential (ESP) localized on the acidic OH hydrogen atoms (Table 2) . By changing the electronic properties of the substituents, variations of the ESP values were observed, with lower and higher values when electron-donating groups (EDGs) and EWGs are present, respectively. Table 2 . Theoretical calculations at the B3LYP/6-311G** level of theory for different phenylboronic acids derivatives bearing substituents in different positions: a) ΔΔH for the syn-syn and anti-anti conformations compared to the syn-anti, b) dipole moment (µ), c) electrostatic potential (ESP) value corresponded to the acidic hydrogen and d) ΔH for the formation of the AA-DD complex involving NAP; 'in' and 'out' stand for 'in-plane' or 'out-of-plane' conformation adopted by the boronic acid moiety with respect to the aromatic plane of the aryl ring. Solid-state recognition and supramolecular organization. Aiming at studying the formation of the doubly Hbonded complexes also in the solid state, we have co-crystallized a large variety of aryl boronic acids with the selected H-bond acceptor partners, i.e. NAP, Phen and TANP. In this case, ortho-and para-substituted aryl boronic acids (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) were studied, along with the aryl bis(boronic acid) derivatives (17 and 18) to form oligomeric and polymeric structures with the relevant H-bond acceptor partner. As predicted by the theoretical simulations and suggested by the NMR investigations in solution, we expected the boronic acids to self-adapt in a syn-syn conformation forming 'T-shape' or 'flat' complexes depending on the presence or the absence of ortho substituents, respectively ( Figure 5 ). Therefore, parameters such as the stoichiometry and geometry of the complex, the H-bond distance, and the dihedral angle between the complexed boronic acid moiety and the aryl ring will be the subject of discussion in this section. Notably, in all X-ray studies only the crystal structures of the heteromolecular complexes were observed and no crystals of the free acids or its boroxine forms were detected. Surprisingly, this was also the case for those boronic acids known to easily undergo anhydride formation, namely the para substituted derivatives. Dimeric 'Flat' complexes. Co-crystallization of phenylboronic acid with NAP gave a 1:1 molar ratio dimeric complex (6•NAP) at the solid state (Figure 6a) , where the N atoms are frontal to the O atoms. Being the two N atoms in the AA partner acting as H-bond acceptors the boronic acid moieties are suggested to adopt a syn-syn conformation thus yielding a pair of H-bonds with a distance of N 2 … O 2 and N 1 … O 1 2.823 and 2.828 Å, respectively. In addition, the B(OH) 2 moiety is almost coplanar to the phenyl ring, since the torsion angle O 1 -B 1 -C 1 -C 6 is only 3.9 o .
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'Flat' geometry 'T-shape' geometry π π π π In the three dimensional arrangement the dimeric complexes are held together by π-π interactions, where each NAP antiparallely stacks on a phenyl ring (3.509 Å). Similar observations are noted in the case of naphthalene-1-boronic 16 and 4-t-butylphenylboronic acid 12 (Figures 6b-c) , with the latter displaying a slightly higher π-π stacking distance (3.797 Å vs 3.546 Å) most likely caused by the presence of the hindering para t-butyl substituent.
To investigate further the effect of the para derivatization, co-crystals of a series of para-substitued boronic acids (9-11) were analyzed, beginning with the halogen-bearing analogues (Figure 7) . When coming to compare the three halogenated analogues as shown in Figure 7 , it can be easily noted the increase in the offset between two π-stacked dimeric units moving from the F-, to the Cl-and finally to the Br-substituted derivatives. Specifically, the π-stacked dimers display an offset of 1.40, 6.42 and 8.93 Å, respectively. A closer look reveals that non-covalent halogen-halogen interactions of type-I as described by Desiraju (i.e., van der Waals interactions of the dispersionrepulsion type) 31 are present in 4-chloro and 4-bromophenylboronic acids. In particular, in both cases, based on the geometrical C-X … X angles being equal to 189.50 o , the interaction is symmetrical. This can be attributed to the need to minimize the repulsion between the two interacting halogen atoms by interfacing the neutral region of their electrostatic potential surface. In addition, a shorter X … X interaction distance is noted for the Cl … Cl contact compared to that of Br … Br (3.30 Å vs 3.40 Å), with both values being shorter than the sum of the van der Waals radii of the relevant halogen atom.
Moving on to the para methoxy-substituted phenyl boronic acid 7, a large offset is observed, i.e. 9.32 Å ( Figure  8a ). In contrast, the thiomethyl analogue 8 is characterized by the placement of the dimeric units both in a parallel and antiparallel manner, the first being driven by weak secondary bonding S … S interactions. A similar behavior is noted for the co-crystals obtained for 3,4,5-trifluorophenylboronic 13, which showed local segregation of the hydrogen and fluoride atoms. This drives the formation of a columnar π-stacking arrangement, in which the molecules are organized in a parallel fashion. 
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Similarly, the complexation at the solid state was also investigated with some selected arylboronic acids in the presence of Phen as acceptor. As shown in Figure 9 , the molecular arrangements for the complexes of 4-chloro-10 and 3,4,5-trifluorophenylboronic acid 13 with Phen are very similar to those obtained using NAP (Figures 6-8 ). The syn-syn conformation is indeed adopted triggering the interaction with the AA moiety of Phen though shorter H-bonding distances as compared to that observed with NAP (for example boronic acid 13 displays 2.791 Å vs 2.820 Å H-bonds distances with Phen and NAP, respectively for). This nicely reflects the solution NMR experiments, which indeed revealed stronger associations when phenylboronic acid derivatives are complexed with the Phen moiety.
Dimeric 'T-shaped' complexes.
A pair of H-bonds was also identified at the solid state for the co-crystal obtained between bis ortho substituted phenylboronic acids and NAP (Figure 10 ). In contrast to the above examples, the presence of the sterically hindering ortho substituents triggers the rotation of the boronic acid functional group with respect to the plane of the aryl ring upon formation of the non-covalent complex. This ultimately leads to the formation of complexes featuring a 'T-shaped' geometry, for which the planes of the two aromatic scaffolds are lying on different axes. Starting with 2,6-difluorophenylboronic acid 2, shorter H-bond distances (2.786 and 2.798 Å Figure 10a ) are observed with respect to phenylboronic acid (2.823 and 2.828 Å, Figure 6a ). The boronic acid distortion features here a dihedral angle O 1 -B 1 -C 1 -C 6 of 62.7 o , while the packing of the dimeric units is characterized by the antiparallel stacking of the NAP modules of two 2•NAP complexes through π-π interactions (3.354 Å) . Likewise in the case of 2,6-dichloro and 2,6-dibromophenylboronic acids (2 and 3), the torsion angle is almost 90 o , induced by the presence of the larger ortho substituents (Figures 10b-c ). An analogous trend can be observed for 2,6-bis(trifluomethyl)phenylboronic 5 while for mesitylboronic acid 1, the increased steric hindrance of its substituents impede the formation of strong π-π interactions between two neighboring complexes ( Figure 11 ). The absence of π-π stacking was also observed when ortho substituted phenylboronic acids were co-crystallized with Phen (Figure 12 and 13) . The halogen ortho disubstituted analogues display smaller H-bond distances with respect to the dimeric complexes with NAP (i.e. 2.767 Å vs 2.802 Å for 2,6-dichlorophenylboronic acid). Again, this is in agreement with the solution studies, which featured higher association strength with Phen. Similarly, the -B(OH) 2 twists perpendicularly to the aromatic ring to overcome the steric repulsion with the boronic acid functional group.
Trimeric complexes and crystal self-sorting. Further investigating the versatility of boronic acids to act as adaptable H-bonding tools in molecular recognition, a diboronic acid was attempted in a 1:2 complex by exploring multiple DD functionalities, DD-DD, interacting with two AA molecules (Figure 14) . By evaporation of a 1:1 solution of 1,4-phenylenediboronic acid and NAP, a planar 1:2 complex (NAP•17•NAP) was successfully achieved stabilized by parallel π-π stacks between the aryl and NAP moieties with a distance of 3.502 Å and 3.480 Å, respectively ( Figure 14a ). Additionally, lateral diboronic acid derivatives come into play within the heteromolecular complex by creating a homomolecular branched network by means of lateral OH-H contacts (Figure 14a ). A 1:2 complex (NAP•18•NAP) is also attained when 2,5-thiophenediboronic acid 18 is used (Figure 14b ), yet no π-π stacking neither additional bridging H-bonding interactions could be observed in the crystal structure. On one hand monophenylboronic acid derivatives were also explored for the interaction in a 2:1 ratio by incorporating as a partner a ditopic AA-AA H-bond acceptor. Aiming at this, the AA-AA counterpart TANP was synthesized according to the literature procedure, 32 then co-crystallized with a variety of aromatic-based boronic acids (i.e., molecules 1, 3, 6, 7, 10, 11 and 16). The formation of single crystals was achieved by slow evaporation of toluene and the resulting trimeric complexes were successfully obtained in all the cases as outlined in Figure 16 . As already observed so far, the presence of sterically bulky ortho substituents induces the formation of T-shaped complexes, as observed for trimeric complex 3•TANP•3 (Figure 16a ). On the other hand, consistently with the dimeric flatten complexes, also in this case the -B(OH) 2 moiety adopts an in-plane conformation with the aromatic ring with 4-methoxyphenyl-and phenylboronic acids (complexes 6•TANP•6 and 7•TANP•7). Notably, shorter H-bond distances, i.e. weaker H-bonding interactions, are observed going from 2:1, 1:2 to 1:1 complexes.
In fact, taking as example complexes including unsubstituted phenylboronic acids (6 and 17), the average H-bond distance ranges from 2.825 Å, 2.875 Å and 2.895 Å for complexes 6•NAP (1:1) , NAP•17•NAP (2:1) and 3•TANP•3 (1:2). Unexpectedly, sterically demanding mesitylboronic acid co-crystallizes adopting a syn-anti conformation, thereby forming a homomolecular dimer (Figure 16a ). The TANP module finds now packing motif by entertaining π-π interactions with the aromatic portion of the mesitylboronic acid, additionally interacting through H-bonds with its anti B-OH proton (Figure 16a ). This is enhanced from the crystal structures of 2,6-dichlorophenyl and naphthalene-1-boronic acid. In both structures the 1:2 trimeric complex is noted, but toluene is also co-crystallizing. Toluene is partially ordered and occupies 40% of the volume of the crystal in the first case. Specifically each trimeric unit is separated by a molecule of toluene, which in both faces interacts through π-π interactions equal to 3.830 Å with the ring of the tetraazanaphthacene molecule of each complex. On the other hand disordered solvent toluene molecules were found in crystals of trimeric complex 16•TANP•16.
Solid phase self-sorting properties. With the goal of examining the self-sorting of two different boronic acids when co-crystalized with an equal molar ratio of an acceptor, a solution of TANP, 4-chloro and 4-bromophenylboronic acids (10 and 11) was placed to crystallize. As one can observed from the optical microscopy images, crystals with similar appearance were obtained (Figure 17 ). X-ray diffraction analysis revealed that the crystal lattice contains 40 and 60% of boronic acids 11 and 10, respectively. Due to the similarity in the electron density between the Cl and the Br atoms, we could not unequivocally establish if each trimeric unit contains both boronic acids or only one. In terms of H-bonding distances, similar N 1 … O 2 distances as those described in Figure 16 were measured. However, when the same co-crystallization experiments were repeated replacing one of the two halogenated analogues with naphthalene-1-boronic acid 16, different crystals were obtained (Figure 18c ). Comparing these crystals to those obtained from separated crystallization experiments (see crystals in Figures 18a-b Polymeric complexes (AA•DD) n : toward supramolecular materials. The ultimate extension to our studies was the engineering of an expanded version of these di-or trimeric non-covalent complexes systems and hence the formation of a supramolecular network. As a result, the goal was to achieve the formation of crystals containing both ditopic molecular modules 17 and TANP. The major experimental difficulty arising was either the poor solubility of the boronic acid in non-polar solvents or that of the acceptor in polar solvents. However, through a screening of a large variety of solvents and temperatures, we noticed that both molecules are soluble in water under reflux conditions that, by cooling down to different temperatures for a period of 24 h, gave rise to different types of crystals. For instance, when the solution is cooled at 25 o C an orange powdery precipitate was noted (Figure 19a ), 20 whereas at 35 o C only needle-like deep red crystals of TANP (confirmed by X-ray analysis) were obtained (Figure 19c) . However, at a cooling temperature of 30 o C the solid phase could be amended to orange flaky crystals (Figure 19b ), suggesting the presence of both molecules in each crystal. This was further confirmed by single crystal X-ray diffraction analysis, revealing the formation of polymeric-like ribbons (17•TANP) n , in which the single molecular components are held together by double DD•AA H-bonds. Within the polymeric assembly, N 1 … O 1 and N 2 … O 2 distances are equal to 2.863 Å and 2.876 Å with the boronic acid functionality being coplanar with the TANP aromatic structure (Figure 20a) . The H-bonded ribbons supramolecularly arrange in striped patterned sheets (Figure 2b ) that are organized in a multilayered, graphite-like, fashion displaying an averaged interplanar distance of 3.366 Å (Figures 20c). At the molecular level, the sheets arrange in multilayers through π-π stacking interactions, where each boronic acid aryl ring is π-sandwiched between two acceptor TANP molecules belonging to the nearest supramolecular sheets. As observed by optical and SEM microscopic analysis ( Figures  19b and 19d-f) , the sheet-like arrangement at the molecular level is expresses at higher scales, forming crystals with flaky morphologies. 
CONCLUSIONS
In summary, we have demonstrated the feasibility of aryl boronic acids to form H-bonded DD•AA type complexes with suitable acceptor partners. Most importantly determination of the K a through solution-state binding studies of such complexes were for the first time reported. In particular, K a ranging between 369 and 6900 M -1 were noted for ortho-substituted boronic acids analogues; values highly dependent on the substituents and on the complexation partner. Phen provided stronger complexes than NAP, possibly caused by stronger secondary electrostatic N … H interactions as seen by analysis of the electronic surface potential. Additional parameters taken under consideration were the K d (homodimer formation constant) which proved to be negligible, the K borox (boroxine formation constant) mainly observed when non-ortho substituted analogues are used and the K i (hydroxyboronate ion formation) were direct evidence of its effect could not be observed. Binding studies on the solid state lead to the formation of both dimeric 1:1, and trimeric 1:2 and 2:1 complexes. Extensive analysis of these crystal structures revealed that "flat" complexes are the result of non-ortho substituted boronic acids in contrast with "Tshaped" complexes arising from more sterically demanding ortho substituted analogues. Hence, showcasing their unique ability to self-adapt retaining their recognition property. The existence of π-π interactions in both the dimeric and trimeric complexes is affected by the presence and bulkiness of the ortho substituents, a parameter that influences the distance of the H-bond as well. The results obtained in solution are in accordance with the solid state since shorter H-bond distances are noted in the cases were Phen is the complexation partner. To the best of our knowledge this paper for the first time describes a supramolecular H-bonded polymer involving a boronic acid, successfully constructed through host-guest interaction between ditopic 1,4-phenyldiboronic acid and TANP. The highly ordered mono dimensional polymeric material produced features infinite ribbon-like arrays running parallel as observed though SEM analysis. We believe this study further strengthen the potential of the boronic acid functional group as a building blocks potent in supramolecular chemistry, not only as dynamic reactive species for dynamic covalent chemistries, but also through H-bond recognition. Future challenges would be to apply this principle in the considerate choice of complexation partners resulting in the construction of functional and operative supramolecular architectures both in the solid state and in solution, which could feature structural and physical properties useful in areas such as organic materials for printed electronics and organocatalysis.
ASSOCIATED CONTENT Synthetic protocols, spectroscopic characterizations, titration experiments, theoretical details and X-ray parameters. This material is available free of charge via the Internet at http://pubs.acs.org
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